The three-coordinate measuring machine is widely used in advanced manufacturing technology and scientific research. Optimized design is extremely essential for improving accuracy of measuring machine.
INTRODUCTION
Accuracy is an important index to measure the quality of measurement system. The accuracy of modern industrial processing and detection precision demand is higher and higher in the measurement system. It is very important to reduce the error and improve the measurement accuracy in practical application [1] [2] [3] . There are many factors affecting the mechanism error, and the structural parameter error is one of the most important factors affecting the measurement accuracy. At present, the commonly used error calibration method is divided into external calibration and self-calibration [4] [5] . Theoretically, the external calibration adopts precision measuring machine to obtain higher calibration results, but the calibration cost is expensive [6] [7] . In response to these problems, based on the actual structure of the measuring machine, a method is proposed to realize the calibration of parallelism error about rotating shafts based on the applied coordinate measuring machine's structure, and completes the error calibration work.
THE STRUCTURE OF THE MEASURING MACHINE
The measuring machine consists of five kinematic pairs, namely two prismatic pairs and three revolute pairs which move linearly along the X and the Z direction. In the rotating shaft, the -axis and the Baxis are theoretically parallel, and the axis of the A axis is perpendicular to the B axis. The length of the measuring rod is 250 mm and the length of the cantilever is 500 mm, as shown in Figure 1 . Due to the installation error of the mechanism, the rotating shafts the -axis and the B-axis are not completely parallel. It can be seen from the reference that the error caused by the rotation axis has the greatest influence on the measurement accuracy, and with the length of the link is gradually enlarged [8] [9] . Therefore, it is particularly important to solve the problem of parallelism error between two rotating axes. 
PRINCIPLE OF PARALLELISM ERROR CALIBRATION
There are many factors affecting the mechanism error, and the structural parameter error is one of the most important factors affecting the measurement accuracy. At present, the commonly used error calibration method is divided into external calibration and self calibration. The external calibration method is similar to the calibration method of the traditional tandem mechanism. The accurate external 3D measurement device is used to estimate and calibrate the kinematic parameters of the parallel robot. General use of laser interferometer, theodolite and so on. The selfcalibration method is used to obtain redundancy information about the position by the redundant joint sensor of the parallel system. Theoretically, the external calibration requires the use of highly accurate precision measuring instruments or sensors, fine adjustment and measurement results in higher calibration results. However, the calibration cost is high, and the actual accuracy is usually difficult to achieve the expect effect in the worse calibration environment. For the above reasons, aiming at the parallelism error of rotating shaft, a calibration method with low cost, high efficiency and low environmental requirements is proposed in this paper, which solves the existing problems of external calibration. In order to obtain the parallelism error between the rotation axesθand B in the measuring machine, it is necessary to obtain the perpendicularity relationship between the two rotation axes and the plane based on the same reference plane. It is important to note that the accuracy of the plane is higher than the accuracy of the measuring machine. Therefore, using a high-precision plate as a standard reference plane, the data detected by the probe on the plate is obtained by rotating the two rotating shaftsθand B respectively. By the least square method, the perpendicularity relationship between each axis and the reference plane, the plate can be calculated. Finally, the parallelism error between the two axes can be calculated.
The Perpendicularity Between the Axis ofθand the Plate
In the measurement system, the rotation angle range of the axisθis -120º～120º, the rotation angle range of the axis B is 0º～360º, and the rotation angle range of the axis A is 0º～120º. In order to measure the relationship between the axis of the whirling arm and the plate, the measure machine sends the probe above the plate, as shown in Figure 2 . Let the probe be properly rearward, rotate 180ºabout the B axis and 70ºabout the A axis. In this way, the whirling arm can be shorten and the scanning range of the probe can be increase; otherwise, a larger plate is needed, and the cost is expensive. The measuring rod is vertically falling down along Z direction to the point where the measuring ball is in contact with the plate, Rotating the rotating shaftθ, record the coordinates of the probe on the panel every 20°. Using the least square method fit to find the normal direction of the forming plane, and it represents the axial direction of the rotating shaftθ. The two measurements date are shown in Table 1 . The plane normal vector value and the axis direction of the rotate shaft and the corresponding angle of the normal vector by fitting based on the measured data, as shown in Table 2 . 
The Perpendicularity Between the Axis of Rotating Shafts B and the Plate
The perpendicularity relationship between the axis B of the rotating shaft and the plate is shown in Figure  3 . Based on the above calibration principle and the range of the B-axis rotation, the measuring rod is rotated about 80°around the A-axis. The coordinate of each point of that probe on the plate are recorded every 10ºof rotation of the B axis, and the data of two measurement are shown in Table 3 and Table 4 .
The normal direction data of the circular section is shown in Table 5 . Since the calibration of parallelism needs to calibrate the deviations in two directions relative to the reference plane, that is the X and Y directions, this is different from the calibration of perpendicularity error. Therefore, the deviation angles of the axes of the two shafts relative to the plate in the X and Y directions are given, as shown in Table 6 . The axis of rotating shaft B produce an error value is -485.800 " in the X direction relative to the plate and the error value is 1289.000" in the Y direction. The deviation of the parallelism of the rotating shaftθwith respect to the plate in the X direction is -134.400" and the deviation of the parallelism in the Y direction is 734.200". Thus, the parallelism error between the rotating shaftθand B is 362.099 " and -572.488 2". The results show that with the increase of the joint number and the gravity of the mechanism itself, the parallelism error will be amplified.
CONCLUSIONS
Through the above calibration method, the calibration of parallelism error of rotating shafts can be realized by using a high-precision plate.
Compared with the external calibration laser interferometer, theodolite, etc. it is simple, easy to operate, low requirements for environment, just ensure the stability of the plate during measurement, and the calibration cost is greatly reduced.
